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^ S STENT^DE S IGN^ W ITR 11 END RINGS HAVING 

Synced strength and hadiopacity 

BACKGROUND OF THE INVENTION expandable endoprosthesis devices, 

The present invention relate, to «PjSSd to be implanted into a 
generally called stents, f 1C YbLod vessel, to maintain the patency 
patient- s body lumen, such a the treatment and repair of 

thereof Stents are particularly useful 1 d by percutaneous 

t:rrs ^u^/r^edSrand jl. «- - 

restenosis t hold 

Stents are generally cylindrical ^J^SU^T^ _ . 
I 0 open an! sometimes expand a segment o£ a bio del ^ ln 

arterial lumen, such as coronary «"ry. Ste ^ yed at that 

USTES.'S^ condttr « Uport tne vessel and Help 
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^rticularly suitable for use 
Mint ain it in an -jj^; ^.ecta'Serial lining which can 
in ^Porting ,nd *°?£>J£™y thete through. 

occlude the fluid P ^ have 

A variety of aevrces are f own in the art ^j'Sl- 

SXJS rtpte insert. -J^TS^^^^S 

chfttenft: facUitat: its aeliverv ana achate 
-rarratenls really -11 into two general categoriea of 
construction. n <„ ation of a controlled 

Th e first type of stent - e f a f a b le umpire on 

S£i^E«£ "pfn inllation of - ^oVSf t ^ 

transformations of the maten 
contraction of the stent. 

, „ oetails of prior art e*pan d ahle stents can he founa 

No * a en 1338 (Balko et al . ) ; 

3 , 689 se Wfiaietal..,- U.S. Patent HO. 4.S12.1338 

„'.S Patent No. . patent so . 4.733.665 (Palmaal < »■<>• 

4 553,545 (Maass, et al . J , . 

"" nt M th, ■ U S Patent „o. 4.e00.BS 2 iOianturco, , U.S. 
4,762,128 (Rosenbluth) , U.S. 

N °' , No 5 421 955 (Lau et al.); U.S. 

o1 . al ). U.S. Patent No. 5,421, 
5,514,154 (Lau, et al.) , 

N °' , Mo 4 655 772 (Wallsten) ; U.S. Patent 

a , al I . u.S. Patent No. 4.65b.." 
5,603,721 (Lau et al.) , 

N , No 5 569,295 (Lam), which are hereby 

4 739,762 (Palmaz) , and U.S. Patent No. 5,569, 
i^orporated by reference. 

,rt self-expanding stents can be found in 

Furthet stalls of prror * ^ ^ 

etal.l. whrcn a de livery systems 

^anaahl. stents are -1^ t th argute y „ 

Sai-iS"- rontracfea^onaition pl.cea on an archie 
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m em*e, such as an I^U-J ^^^-^^i^— 
an elongated catheter body A guide wire ^ A tubular 

within the elongated catheter ^dy and out ^ ^ q£ fche 

protective sheath is secured by its dista catheter body and 

the catheter body. 

Some prior art stent delivery JJ^^^^^-TSa 
stents include an inner lumen upon whic ^.^ ^ initially 

stent is mounted and an outer deployment. When the stent 

placed over the compressed stent prior to aep yn. ^ relafclon 

?o be deployed in the ^^^f^^^ressed stent, allowing the stent 

S ^^^^^^ -to the target area. 

. - ,-hP desired location in the body lumen is 
The positioning of the stent at the de .x ^ performance 

often critical since ^«» r f procedure. The positioning 

ofthe stent and the success ofthe ^dical p lantation a nd expansion 

of the stent before, ^"^'^^f^Jtoring equipment, such as a 
is generally monitored by external monitor g h ^ fche exact 

fluoroscope, which allows physician to place^ ^ of 
target site. Radiopaque markers placed an ^ on 

the stent delivery system often are itself can be 

the catheter during deployment Additionally, 
made from a radiopaque material. 

1 5 For this reason, it is .desirable for the . stent : to be -de^ately^ 
radiopaque. Stents which lack suf ^^jf Angiography . Therefore, 
difficult to position a " ur f e J y a ^ lab ie stent delivery systems may not 

visualizing the stent on the fluoroscope. 

Currently, many stents in use are formed from st ainless steely 
nickeltitanium type alloys which are «^«*J radiopacity of the 

medical imaging instrument. With ^ m ^eri , sfc 
stent is highly dependant on the amount ^ ™ e than st ents with 

which have thicker struts «e generally^ ore JP^ ^ ^ Qr 
thinner struts. However, the strut of M radially to a larger 

wide, since the stent must *e enable of exp g are 

diameter during deployment. Generally st en however , if the strut 

m ore radiopaque then stents with narrower ■« ; the strain created 
width is increased i» ^^Sease dramatically and may cause 

cracks r^stfntrform 63 ^ is highly undesirable. 

To increase radiopacity, r* i i^ f ^ 1 ^ f ^iS. 1 S« tt S 
to attempt to provide a more identifiabl e ™£9 disclosed in U.S. 

such surgical stent featuring ^P^^^radiopaque marker elements 
Patent No. 5,741,327 ("antzen) which utilizes P 4 ^ increase 

attached to the ends of a radially ^^^^rtain drawbacks in 
the visibility of the stent. However, th ere are certa ^ 
utilizing radiopaque markers "^^^^cause an unwanted 
^T*£ - LrScf oflnfsLnf which can possibly pierce the 
wall of the body lumen. 

. hW f a ii to provide an adequate 
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details sue, as blood vessels or othe; ^^^l^f^S^ 
then an image is obtained. When the stent is ity of the stent 

Petals such as tantalum or P^^ e f r ^ e the radiopacity to allow 

is too high and there ^/"^^ing blood vessels, especially at 

adequate visualization of the ^roun J the PTA procedure has been 

the target location where 1 5 the PCTA 

performed. 

~e t-h* stent can sometimes lead to . 
The design of the strut pattern of e ^ t S ^ oyment . Fo r example, in some 
unwanted^omplications during the stent deploym^ 

instances, the forces of the SO mewhat causing the stent to 

cause the ends of the stent to col ^P^ hl undesirable. This 

ta*e the fonn of a "cigar" shape • ? Q ^e fact that the ends of 

formation of a "cigar" shape is atcriD supp orted as the middle 

slZ stents are often not as s « 0 ^ n J e f s deployed within the 
section of the stent. Th eref ore "hen <*e end portions ca n compress 

body lurnen and has a force applied to i . ssion of the middle 

somewhat before there is any appreciab ie £ f the -cigar" shape, 

section of the stent, resulting ^^he format ™ blood flow through 

This formation of a n ^\f*f 0 ^£* 0 t unwanted thrombosis, which 
the stent, which can caus e the formati on ^ which f0 rms a 

will be released into the blood st ream ^ formation of 

uniform inner passage way is less and therefore it is highly 

thrombosis or blood clots in the bloodstre ^ t strengt h along its 

t^^^^^ " " Ci9ar " 

v,^h decree of flexibility so 

What has been needed is a stent ^^^foftfe anatomy and can be 
T can be advanced through ^uoub pajsagewa y its 
expanded to its maximum diameter, ***** for blood flow and 

Sire length to create a -i form inner pa ss ag^ on & fluoroscop e 

TrTtfer ^S^fiTSS2 -Lg deployment. 

Such a stent should have sufficient ^^^^ ' 

^^^^^^^^ such 
delivery systems for i^^ation in the targ^^^ from biocompatlb le 

l^^^^^^ — - deSi9nS - 

S T r^Lfnt=tfon is directed to ^^^^t^^^ 
enhance the strength of the ^ ° h Q 6 lexib ility along their 
of the stent, yet ^tain high longitudinal tortu0 us body lumens and 

longitudinal axis to f acilit ate del J^J* fche patency of a body 

s£ ^svrssx — implanted ™ e end 

The present invention in P"^^"^ ^intain'a'constanfinner 
portions having sufficient *oop strengt n _ . sha pe when 

diameter which prevents the stent from ta* y present invention 

deployed in the body lumen The °i ich may otherwise have 

■ end - COmPreSSi ° n f0rC6S - . t of a 

The present invention also relates to the control of ^J^^Wth* 
stent by varying the strut ge ometry a long the st^ ^ ^ ^ 

tL^ertiefof A'^-- ~ * 
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application in order to achieve the desired amount of strength and 
radiopacity for the stent. 

Depending upon the strut pattern of the particular stent, there are 
usually regions or areas ofthe stent which are subj ect to high stresses 
(referred to as high stress regions) when the strut is expanded radially 
during deployment. There are other areas or regions of the stent which 
are subject to low stresses (referred to as low stress regions) in which 
stresses on the stent are much lower and any changes in the width of the 
strut in this region would not dramatically alter the strain and other 
mechanical properties of the stent. Depending on the material selected 
for the stent, the width of the stent in the low stress regions can be 
either increased or reduced in order to change the overall radiopacity of 
the stent. For example, if a material such as stainless steel I 0 or 
Nitinol is used, the overall radiopacity of the stent can be increased by 
increasing the width of the strut in the low stress regions. If a high 
radiopaque material such as tantalum or platinum is used, it is possible 
to decrease the width of the strut in the low stress regions to decrease 
the overall radiopacity of the stent, if necessary. In this manner, the 
addition or decrease of metal in the low stress regions of the strut will 
1 5 effect the overall radiopacity of the stent, yet will not affect the 
overall strength and mechanical properties of the stent. 

Each of the different embodiments of stents of the present invention 
include a plurality of adjacent cylindrical elements (also known as or 
referred to as "rings") which are generally expandable in the radial 
direction and arranged in alignment along a longitudinal stent axis. The 
cylindrical elements are formed in a variety of serpentine wave patterns 
transverse to the longitudinal axis and contain a plurality of 
alternating peaks and valleys. At least one interconnecting member 
extends between adjacent cylindrical elements and connects them to one 
another. 

These interconnecting members insure a minimal longitudinal contraction 
during radial expansion ofthe stent in the body vessel. The serpentine 
patterns have varying degrees of curvature in the regions of peaks and 
valleys and are adapted so that radial 

expansion of the cylindrical elements are generally uniform around their 
circumferences during expansion of the stent from their contracted 
conditions to their expanded conditions. 

Generally, these peaks and valleys of the cylindrical element are subject 
to high stresses during expansion due to the geometry of the cylindrical 
element . 

These valleys and peaks constitute the aptly-named high stress regions of 
the stent which are susceptible to stress fractures during expansion. For 
this reason, the width of the strut in the peak and valley portions of 
the cylindrical element should remain relatively fixed and uniform so 
that high stresses will not be concentrated in any one particular region 
ofthe pattern, but will be more evenly distributed along the peaks and 
valleys, allowing them to expand uniformly. The regions of the 
cylindrical element between the peaks and valleys generally form the low 
stress regions of the stent which I 0 are not susceptible to high 
stresses and strains during radial expansion, thus allowing the width of 
the stent in these regions to be varied in order to increase or decrease 
the radiopacity of the stent, as needed, depending upon the material used 
to manufacture the stent. Generally, these low stress regions extending 
between the peaks and valleys ofthe cylindrical element are linear 
segments which are not susceptible to high stresses 1 5 during radial 
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expansion. An increase or decrease of the width of the strut in these low 
stress regions of the cylindrical element generally will not alter the 
overall mechanical properties of the stent. 

The elongated interconnecting members which connect adjacent 
cylindrical elements may also have an increase or decrease in strut width 
in order to change the radiopacity of the stent. In one preferred 
embodiment, the interconnecting element has a tapered configuration in 
which one end of the interconnecting member is wider than the other end 
and tapers from end to end to increase the amount of material, and hence, 
the radiopacity of the stent. The number and location of the 
interconnecting members can be varied as may be needed. Generally, the 
greater the longitudinal flexibility of the stents, the easier and more 
safely they can be delivered to the implantation site, especially where 
the implantation site is on a curve section of a body lumen, such as a 
coronary artery or peripheral blood vessel. 

In one particular embodiment of the present invention, the end rings of 
the stent include peaks and valleys which are made with multiple W or 
double-curved 30 shapes which enhance both the hoop strength of the 
stent, along with the radiopacity at the ends of the stent. In this 
particular embodiment of the invention, the width of the strut in the 
low-stress regions of the double-curved portion of the cylindrical rings 
is increased to increase the amount of material at the ends of the stent 
to enhance radiopacity. This increase in the amount of material at the 
ends provides satisfactory visibility when one attempts to locate the 
stent on the fluoroscope. The increase in the mass of the end rings also 
helps increase the overall strength of the ends of the stent*, which helps 
prevent the stent from collapsing to a "cigar" shape during deployment. 

The resulting stent structures are a series of radially expandable 
cylindrical elements that are spaced longitunally close enough so that 
small dissections I 0 in the wall of a body lumen may be pressed back 
into position against the lumenal wall, but not so close as to compromise 
the longitudinal flexibility of the stent both when negotiating through 
the body lumens in their unexpanded state and when expanded into 
position. Each of the individual cylindrical elements may rotate slightly 
relate to their adjacent cylindrical elements without significant 
deformation, cumulatively providing stents which are flexible along their 
length and about their longitudinal axis, but which still are very stable 
in their radial direction in order to resist collapse after expansion. An 
increase or decrease of the strut width in the low stress regions of the 
stent provides the necessary amount of radiopacity to allow the stent to 
be adequately visualized on the external monitoring equipment. 

The stent of the present invention can be directed to both balloon 
expandable or self -expanding stent designs. The technique of the present 
invention can also be applied to virtually any type of stent design. 
However, it is most easily applied to laser cut stents made from tubing. 

The stents ofthe present invention can be readily delivered to the 
desired target location by mounting them on an expandable member, such as 
a balloon, of a delivery catheter and passing the catheter-stent assembly 
lumen to the target area. A variety of means for securing the stent to 
the extendible member of the catheter for delivery to the desired 
location are available. It is presently preferred to crimp or compress 

the stent onto the unexpanded balloon. Other means to secure the stent to c. 
30 the balloon included providing ridges or collars on the inflatable 
member to restrain lateral movement, using bioabsorbable temporary 
adhesives, or adding a retractable sheath to cover the stent during 
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delivery through the body lumen. When a stent of the present invention is 
made from a self expanding material such as nickel titanium alloy, a 
suitable stent delivery assembly which includes a retractable sheath, or 
other means to hold the stent in its expanded condition prior to 
deployment, can be utilized. 

The serpentine pattern of the individual cylindrical elements can 
optionally be in phase with each other in order to reduce the contraction 
of the stent along their length when expanded. The cylindrical elements 
of the stent are plastically deformed when expanded (except with NiTi 
alloys) so that the stent will remain in the I 0 expanded condition and 
therefore must be sufficiently rigid when expanded to prevent the 
collapse thereof during use. 

In stents; formed from super elastic nickel titanium alloys, the 
expansion 

occurs when the stress of compression is removed. This allows the phase 
transformation from martensite back to austenitite to occur, and as a 
result the stent expands. 

One approach to a stent design which relates to the control of stent 
strength by varying strut geometry along the length of the stent is 
disclosed in my copending application Serial No. 09/298,063, filed April 
22, 1999, by Daniel L . Cox and Timothy A. Limon entitled "Variable 
Strength Stent," whose contents are hereby incorporated by reference. In 
that approach, the strength of the stent was enhanced by increasing the 
length or width of the strut of the cylindrical elements to increase the 
mass and resulting mechanical strength of the stent. In that approach, 
certain cylindrical elements having wider struts are located, for 
instance, in the middle or center section of the stent, while cylindrical 
elements having narrower strut widths are placed at the ends of the stent 
to avoid the formation of a "dog bone" shape during deployment. However, 
in this earlier approach, the entire width of the strut in each 
cylindrical element or ring is maintained uniform throughout, regardless 
of whether the cylindrical element has a wider or narrower strut pattern. 
In my present invention described herein, the width of the strut in high 
and low stress regions of the cylindrical ring is varied accordingly to 
achieve the desired strength and radiopacity which is needed. 

These and other features and advantages of the present invention will 
become more apparent from the following detailed description of the 
invention, when taken in conjunction with the accompanying exemplary 
drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. I is an elevational view, partially in section, depicting the stent 
embodying features of the present invention mounted on a delivery 
catheter disposed within a vessel. 

FIG. 2 is an elevational view, partially in section, similar to that 
shown in FIG. 1, wherein the stent is expanded within a vessel, pressing 
the lining against the vessel wall. 

FIG. 3 is an elevational view, partially in section, showing the expanded 
stent within the vessel after withdrawal of the delivery catheter. 

1 5 FIG. 4 is a plan view of a flattened stent of the prior art, which 
illustrates the uniform strut width of the cylindrical rings arranged 
along the stent. 

FIG. 5 is plan view of a preferred embodiment of a flattened stent of the 
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present invention, which illustrates the serpentine pattern including 
peaks and valleys which form the cylindrical elements of the stent and 
include regions having wider struts in low stress regions and narrower 
struts in high stress regions. 

FIG. 6 is an enlarged partial view of the stent of FIG. 5 depicting one 
serpentine pattern along with the peaks and valleys which form one 
particular preferred embodiment of a cylindrical element of a stent made 
in accordance with the present invention. 

FIG. 7 is a plan view of an alternative preferred embodiment of a 
flattened stent of the present invention, which illustrates the 
serpentine pattern along with the peaks and valleys which form another 
preferred embodiment of a stent made in accordance with the present 
invention. 

FIG. 8 is an enlarged partial view of the stent of FIG. 7 depicting the 
serpentine pattern along with the peaks and valleys which form one 
preferred embodiment of a cylindrical element made in accordance with the 
present invention . 

FIG. 9 is an enlarged partial view of the stent of FIG. 9 the serpentine 
pattern along with the peaks and valleys which form one preferred 
embodiment of a cylindrical element of the present invention which can be 
formed at the ends of the stent. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Prior art stent designs, such as the MultiLink StentTm manufactured by 
Advanced Cardiovascular Systems, Inc., Santa Clara, California, include a 
plurality of cylindrical rings that are connected by three connecting 
members between adjacent cylindrical rings. Each of the cylindrical rings 
is formed of a repeating pattern of U-, Y-, and W-shaped members, 
typically having three repeating patterns forming each cylindrical 
element or ring. A more detailed discussion of the configuration of the 
MultiLink StentTm can be found in U.S. Patent No. 5,569,295 (Lam) and 
U.S. Patent No. 5,514,154 (Lau et al . ) , whose contents are hereby 
incorporated by reference. 

Beyond those prior art stents, FIG. I illustrates an exemplary 
embodiment of stent 10 incorporating features of the present invention, 
which stent is mounted onto delivery catheter I 1. FIG. 5 is a plan view 
of this exemplary embodiment stent 10 with the structure flattened out 
into two dimensions to facilitate explanation. Stent 10 generally 
comprises a plurality ofradially expandable cylindrical elements 12 
disposed generally coaxially and interconnected by interconnecting 
members 13 disposed between adjacent cylindrical elements 12. The 
delivery catheter I I has an expandable portion or balloon 14 for 
expanding stent 10 within artery 1 5 or other vessel. The artery 15, as 
shown in FIG. 1, has a dissected or detached lining 16 which has occluded 
a portion of the arterial passageway. 

The delivery catheter I I onto which stent I 0 is mounted is essentially 
the same as a conventional balloon dilatation catheter for angioplasty 
procedures. The balloon 14 may be formed of suitable materials such as 
polyethylene, polyethylene terephthalate, polyvinyl chloride, nylon and, 
ionomers such as Surlyne manufactured by the Polymer Products Division of 
the Du Pont Company. Other polymers may also be used. 

In order for stent IO to remain in place on balloon 14 during delivery to 
the site of the damage within artery 1 5, stent 10 is compressed or 
crimped onto balloon 14. A retractable protective delivery sleeve 20 may 
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be provided to ensure that stent I 0 stays in place on balloon 14 of 
delivery catheter I I and to prevent abrasion of the body lumen by the 
open surface of stent 10 during delivery to the desired arterial 
location. 

I 0 Other means for securing stent I 0 onto balloon 14 also may be used, 
such as providing collars or ridges on the ends of the working portion, 
i.e., the cylindrical portion, of balloon 14. Each radially expandable 
cylindrical element 12 of stent I 0 may be independently expanded. 
Therefore, balloon 14 may be provided with an inflated shape other than 
cylindrical, e.g., tapered, to facilitate implantation of stent 10 in a 1 
5 variety of body lumen shapes. When the stent 10 is made from a 
self -expanding material such as Nitinol, a suitable delivery device with 
retractable sleeve may be used to display the stent. 

In a preferred embodiment, the delivery of stent 10 is accomplished in 
the following manner. Stent I 0 is first mounted onto inflatable balloon 
14 on the distal extremity of delivery catheter I 1. Stent 10 may be 
crimped down onto balloon 14 to obtain a low profile. The catheter-stent 
assembly can be introduced within the patient's vasculature in a 
conventional Seldinger technique through a guiding catheter (not shown) . 
Guidewire 18 is disposed through the damaged arterial section with the 
detached or dissected lining 16. The catheter-stent assembly is then 
advanced over guide wire 18 within artery 15 until stent 10 is directly 
under detached lining 16. 

Balloon 14 of catheter I I is inflated or expanded, thus expanding stent 
I 0 against the inside of artery 15, which is illustrated in FIG. 2. 
While not shown in the drawing, artery 15 is preferably expanded slightly 
by the expansion of stent 10 to seat or otherwise embed stent I 0 to 
prevent movement. Indeed, in some circumstances during the treatment of 
stenotic portions of an artery, the artery may have to be expanded 
considerably in order to facilitate passage of blood or other fluid there 
through . 

While FIGS. 1-3 depict a vessel having detached lining 16, stent I 0 can 
be used for purposes other than repairing the lining. Those other 
purposes include, for example, supporting the vessel, reducing the 
likelihood of restenosis, or assisting in the attachment of a vascular 
graft (not shown) when repairing an aortic abdominal aneurysm. 

In general, stent 10 serves to hold open artery 1 5 after catheter 1 1 is 
withdrawn, as illustrated in FIG. 3. Due to the formation of stent I 0 
from an elongated I 0 tubular body, the undulating component of the 
cylindrical elements of stent 10 is relatively flat in a transverse 
cross-section so that when stent 10 is expanded, cylindrical elements 12 
are pressed into the wall of artery 15 and as a result do not interfere 
with the blood flow through artery 15. Cylindrical elements 12 of stent 
10 that are pressed into the wall of artery 15 will eventually be covered 
with endothelial cell growth that further minimizes blood flow 
turbulence. The serpentine pattern of cylindrical sections 12 provide 
good tacking characteristics to prevent stent movement within the artery. 
Furthermore, the closely spaced cylindrical elements 12 at regular 
intervals provide uniform support for the wall of artery 15, and 
consequently are well adapted to tack up and hold in place small flaps or 
dissections in the wall of artery 15 as illustrated in FIGS. 2 and 3. 

The stresses involved during expansion from a low profile to an 

expanded profile are generally evenly distributed among the various peaks 

and valleys of stent 10. Referring to FIGS. 5 and 6, one preferred 
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embodiment of the present invention as depicted in FIGS. 1-3 is shown 
wherein each expanded cylindrical element 12 embodies a serpentine 
pattern having a plurality of peaks and valleys that aid in the even 
distribution of expansion forces. In this exemplary embodiment, 
interconnecting members 13 serve to connect adjacent valleys of each 
adjacent cylindrical element 12 as described above. The various peaks and 
valleys generally have U, Y, W and inverted-U shapes, in a repeating 
pattern to form each cylindrical element 12. It should be appreciated 
that the cylindrical element 12 can be formed in different shapes without 
departing from the spirit and scope of the present invention. 

Referring now to FIG. 4, a typical prior art stent 21 is shown which 
includes cylindrical elements or rings 22 which are connected by 
interconnecting members 23. FIG. 4 is a plan view of a prior art stent 
with the structure flattened out into two dimensions to facilitate 
explanation. Each cylindrical element 22 includes peaks and valleys 
generally having U, Y, W, and inverted-U shapes, in repeating patterns to 
form each individual element 22. The high stress regions of the prior art 
stent 21 include the double-curved portion (W) 24 located in the region 
of the valley I 0 where interconnecting member 23 is connected to an 
adjacent cylindrical element. The peak portion (inverted-U) 25 and valley 
portion (Y) 26 and valley portion (U) 27 are also considered high stress 
regions of the prior art stent. During radial expansion, these high 
stress regions are susceptible to high stresses and strains which can 
cause cracks to occur if the width of the strut is too wide. If the strut 
width were increased 1 5 in these areas designated by the double-curved 
portion (W) 24, peak portion (U) 25, valley portion (Y) 26 and valley 
portion (U) 27, the strain in the material would increase dramatically 
and could cause cracks to occur, which is highly undesirable when 
deploying the stent in to the target region. Low stress regions of the 
prior art stent 21 include the linking portions 28 which extend between 
and connect the peak portions and valley portions on the cylindrical 
element 22. The linking portions 28 are generally linearly shaped and, as 
shown in FIG. 4, have widths which are uniform with the strut width found 
in the high stress regions of the stent 21. Similarly, the 
interconnecting member 23 defines a low stress region and extends from 
the top of the double-curved portion (W) 24 to the bottom of the valley 
portion (Y) 26 of the adj oining cylindrical element 2 1. Again, the 
stresses in these low stress regions during radial expansion are 
relatively low and a change in strut width would not dramatically alter 
the strain or overall mechanical properties of the stent. 

During expansion, the double-curved portions (W) located in the region 
of the valley where interconnecting members 13 are connected have the 
most mass and, accordingly, are the stiffest structure during 
deformation. Peak portions (U) are less stiff and valley portions (Y) 
have intermediate stiffness. 

By allocating the amount of mass to specific strength, it is possible to 
create a stent having variable strength, with greater strength at the 
high-mass areas of the strut. In this same fashion, the radiopacity of 
the stent can also be increased. 

Given a stent having a constant thickness in its struts, the increased 
mass is accomplished by increasing the width of the strut in the 
low-stress regions of the cylindrical element of the stent. The following 
exemplary embodiments apply this theory. 

1 0 Referring again to FIGS. 5 and 6, the stent I 0 includes cylindrical 
elements 12 having peaks and valleys with U, Y. W and inverted-U shapes 
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in repeating patterns to form each individual cylindrical element 12. The 
high stress regions of this stent 10 include the double-curved portion 
(W) 3 0 located in the region of the valley where each interconnecting 
member 13 is connected to an adjacent cylindrical element 1 5 12 . The 
peak portion (inverted-U) 3 1, the valley portion (Y) 32 and valley 
portion (U) 33 are also high stress regions of the stent 10. During 
radial expansion, these high stress regions are susceptible to high 
stresses and strains which can cause cracks to form in the stent if the 
width of the strut is too large. If the strut widths are increased in the 
areas designated by the double -curved portion (W) 30, peakportion 
(inverted-U) 3 1, valley portion (Y) 32 and valley portion (U) 33, the 
strain in the material would increase dramatically and could cause cracks 
to occur or may prevent the stent from fully deploying into its enlarged 
diameter during radial expansion, which is highly undesirable when 
deploying the stent 10 into the target region. 

The stent 10 also has low stress regions which include linking portions 
34 which extend between and connect the peak portions and valley portions 
of the cylindrical element 12. The linking portions 34 are generally 
linearly- shaped and, as is shown in the FIG. 6, have strut widths which 
are much larger than the strut width found in the adjacent high stress 
regions of the stent. The increase of the strut width in the linking 
portions 34 has only a small effect on the radial strength because the 30 
stress in this area is very low and does not carry much load. The strain 
is also unchanged because the curved areas of the peak portion 
(inverted-U) 31 and valley portion (Y) 32 and valley portion (U) 33) are 
narrower and correspond to the strut width shown in FIG. 4. The major 
effect of the wider strut in the linking portions 34 is in the overall 
radiopacity of the stent 10. The additional metal in these linking 
portions 34 increases the overall amount of metal in the stent and hence 
its radiopacity. 

In the crimped state, the stent 10 can be designed to have over 75% metal 
coverage . 

The stent 10 shown in FIGS 5 and 6 include a first and second end rings 
12A and 12B. As is shown, the end ring 12A has interconnecting members 13 
in each (W) or double -curved portion 30, to provide maximum support at 
the end of the stent. 

I 0 The added metal of the linking portion 34 of the double -curved portion 
30 increases the overall amount of material at the end of the stent, and 
hence the stent's radiopacity and strength is increased. As a result, the 
end ring provides a stronger scaffolding which helps prevent the 
formation of a "cigar" shape during deployment. It should be appreciated 
that although the double-curved portion (W) is considered a high-stress 1 
5 region, it is the curved section 30 of the W that is susceptible to 
high stresses. The remaining portion of the W, namely, the two linking 
portions 34 (See FIG. 6) , are lowstress regions which are not as 
susceptible to high stresses. 

Referring now to FIGS. 7-9, another preferred embodiment of the present 
invention using the concept of increasing the strut width in low stress 
regions of the stent is shown. In this particular embodiment, the stent 
40 includes cylindrical elements which includes peaks and valleys having 
U, Y, W and inverted-U shapes, in repeating patterns to form each 
individual cylindrical element 42. Each cylindrical element 42 is 
connected to an adjacent cylindrical element via an interconnecting 
member 43. The high stress region of this stent 40 include the 
double-curved portion (W) 44, located in the region of valley where each 
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interconnecting member 43 is connected to an adjacent cylindrical element 
42. The peak portion (inverted-U) 45, and valley portion (U) 47 are also 
high stress regions of the stent. During radial expansion, these high 
stress regions are susceptible to high stresses and strains which can 
cause cracks to form in the stent if the width of the strut is too large. 
In the design 30 of a stent of the present invention, the strut width is 
set in these high stress regions to meet the material strain, radial 
strength and expansile requirements of the stent. If the strut widths are 
increased in the areas designated by the double-curved portion (W) 44, 
peak portion (inverted-U) 45, and valley portion (U) 47, the strain in 
the material would increase dramatically and could cause cracks to occur 
or may prevent the stent from fully deploying to its larger diameter 
during radial expansion, which again is a highly undesirable occurrence 
when deploying the stent into a target region. 

The stent 40 also has low stress regions which include linking portions 
48 which extend from the peak portion (inverted-U) 45 to a shoulder 
portion 49 of the cylindrical element 42. This shoulder portion 49 can 
have a strut width which is I 0 reduced to allow the stent to be crimped 
to a very small profile. Additional linking portions 50 which extend 
between the valley portions and the shoulders 4 9 can also have increased 
strut width to enhance the overall radiopacity, with minimal effect on 
the overall mechanical properties or the profile of the stent. 

In the particular stent design shown in FIGS. 7-9, the cylindrical 
elements 1 5 formed at the ends of the stent can also be customized to 
enhance the radiopacity, along with the structural strength of the stent. 
Referring specifically to FIG. 9, the end cylindrical element or ring 51 
has strut widths in the linking portions 52 which are much larger than 
the strut widths in the valley portion of the double-curved portion (W) 
44. These particular linking portions 52 extend between the end of the 
double-curved portion (w) 44 up to the shoulder portion 4 9 in this 
particular cylindrical element 5 1. 

Again, the increase in the width thickness in the linking portions 52 
both increases the radiopacity of the stent along with the strength at 
the end rings 51 and 55. The interconnecting members 53 shown in FIG. 9 
also have increased strut width from the end which extends from the 
double-curved portion (W) 44 up to the adjacent valley portion (Y) 47. In 
this particular embodiment, the interconnecting members 53 are shown with 
struts having a tapered pattern which increases the overall strength of 
the stent at the end rings 5 1 and 5 5 of the stent 40. Additionally, the 
presence of additional interconnecting members 53 enhances the strength 
of the end rings 51 and 55 of the stent, as well as the radiopacity in 
this particular region of the stent. It should be appreciated that 
interconnecting members having a wider strut pattern could also be 
utilized in other areas of the stent, not necessarily just at the end 
rings 5 1 and 54 of the stent 40, if additional strength or radiopacity 
is desired. 

In the particular embodiment of the present invention shown in FIGS. 79, 
the end rings 51 and 55 of the stent 40 includes six (W) or double-curved 
portions which increase the end strength of the stent. Since the (W) 
portion is usually the stiffest part of the cylindrical ring, after it is 
deployed it also provides the stiffest scaffolding structure which is 
beneficial in preventing the formation of the "cigar" shape after the 
stent is deployed. By utilizing three or more (W) portions with wide 
linking portions 52 on the end rings, the ends of the stent can be 
strengthened to help maintain a constant inner diameter of the stent and 
provide a smooth and continuous passageway for blood flow. The use of 
numerous (W) portions also greatly increases the radiopacity of the stent 
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at the end regions which also helps identify and locate the stent when 
viewed by a fluoroscope. 

In designing a stent in accordance with the present invention, the strut 
1 5 width in the low stress regions can be either increased or decreased 
to provide the necessary radiopacity for the stent. For example, if a low 
radiopaque material such as stainless steel or NiTi alloy is chosen for 
the stent, the strut width in the low stress areas of the cylindrical 
element can be increased to enhance the radiopacity of the stent. 

However, if a high radiopaque material such as tantalum or platinum is 
used, it may be preferable to decrease the width of the strut in these 
low stress regions to decrease the overall radiopacity of the stent, if 
necessary. In this manner, rather than manufacturing a stent having wider 
strut widths in the low stress regions, as depicted in FIGS. 5-9, the 
stent would have strut widths that are narrower than the strut width in 
the high stress regions. Of course, the strut width in these low stress 
regions cannot be designed too narrow, since a strut which is too narrow 
may effect the overall strength of the stent and the stent's ability to 
hold open the particular body lumen. 

In the embodiment of FIGS. 7-9, each interconnecting member 43 and 
is aligned collinearly with each other to form a continuous spine which 
extends along the length of the stent. This continuous spine 56 helps 
prevent the stent from shortening longitudinally when the cylindrical 
elements 42, 51 and 55 are expanded radially. These spines are 
advantageous especially when the stent is made from a self expanding 
material. The number of spines 56 formed by the collinear arrangement of 
interconnecting elements can vary from one to as many as can be 
reasonably placed on a stent, however, for a minimal energy storage, two 
to four spines are recommended. 

In many of the drawing figures, the present invention stent is depicted 
flat, in a plan view for ease of illustration. All of the embodiments 
depicted herein are cylindrically-shaped stents that are generally formed 
from tubing by laser cutting as described below. 

One important feature of all of the embodiments of the present invention 
1 0 is the capability of the stents to expand from a low-profile diameter 
to a larger diameter, while still maintaining structural integrity in the 
expanded state and remaining highly flexible. Due to the novel 
structures, the stents of the present invention each have an overall 
expansion ratio of about 1.0 up to about 4.0 times the original diameter, 
or more, using certain compositions of stainless steel. For example, a 3 
16L stainless steel 1 5 stent of the invention can be radially expanded 
from a diameter of 1.0 unit up to a diameter of about 4.0 units, which 
deforms the structural members beyond the elastic limit. The stents still 
retain structural integrity in the expanded state and will serve to hold 
open the vessel in which they are implanted. Materials other than 
stainless steel (316L) may afford higher or lower expansion ratios 
without sacrificing structural integrity. 

The stents of the present invention can be made in many ways. However, 
the preferred method of making the stent is to cut a thin-walled tubular 
member, such as stainless steel tubing to remove portions of the tubing 
in the desired pattern for the stent, leaving relatively untouched the 
portions of the metallic tubing which are to form the stent. It is 
preferred to cut the tubing in the desired pattern by means of a 
machinecontrolled laser. 
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The tubing may be made of suitable biocompatible material such as 
stainless steel. The stainless steel tube may be alloy-type: 316L SS, 
Special Chemistry 

P erASTMF138-92orASTMF13 9-92grade2 . SpecialChemistryof type316Lper 
ASTM F138-92 or ASTM F139-92 Stainless Steel for Surgical Implants in 
weight percent. 

Carbon (C) 0.03% max. 

Manganese (Mn) 2.00% max. 

Phosphorous (P) .025% max. 

Sulphur (S) 0.0 10% max. 

Silicon (Si) 0.75% max. 
Chromium (Cr) 17.00 - 19.00% 
Nickel (Ni) 13.00 - 15.50% 
-Molybdenum (Mo) 2.00 - 3.00% 
Nitrogen (N) 0. 10% max. 



Copper (Cu) 0.50% max. 



Iron (Fe) Balance 

The stent diameter is very small, so the tubing from which it is made 
must necessarily also have a small diameter. Typically the stent has an 
outer diameter on the order of about 0.06 inch in the unexpanded 
condition, the same outer diameter of the tubing from which it is made, 
and can be expanded to an outer diameter of 0.2 inch or more. The wall 
thickness of the tubing is about 0.003 inch. 

Generally, the tubing is put in a rotatable collet fixture of a 
machinecontrolled apparatus for positioning the tubing relative to a 
laser. According to machine -encoded instructions, the tubing is then 
rotated and moved longitudinally relative to the laser which is also 
machine-controlled. The laser selectively removes the material from the 
tubing by ablation and a pattern is cut into the tube. The tube is 
therefore cut into the discrete pattern of the finished stent. Further 
details on how the tubing can be cut by a laser are found in U.S. Patent 
Nos. 5,759,192 (Saunders) and 5,780,807 (Saunders), whichhavebeen 
assignedtoAdvanced Cardiovascular Systems, Inc. and are incorporated 
herein by reference in their entirety. 

The process of cutting a pattern for the stent into the tubing generally 
is automated except for loading and unloading the length of tubing. For 
example, a pattern can be cut in tubing using a CNC-opposing collet 
fixture for axial rotation of the length of tubing, in conjunction with 
CNC X/Y table to move the length of tubing axially relative to a 
machine -control led laser as described. The entire space between collets 
can be patterned using the C02, Nd or YAG laser set-up of the foregoing 
example. The program for control of the apparatus is dependent on the 
particular configuration used and the pattern to be ablated in the 
coding. 

The stent of the present invention can be laser cut from a tube of superl 
0 elastic (sometimes called pseudo-elastic) nickel titanium (Nitinol) 
whose transformation temperature is below body temperature. A suitable 
composition of Nitinol used in the manufacture of a self- expanding stent 
of the present invention is approximately 55% nickel and 4 5% titanium (by 
weight) with trace amounts of other elements making up about 0.5% of the 
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composition. The austenite transformation 1 5 

temperatureisbetweenabout - 15 1 CandO 1 Cinordertoachievesuperelasteci ty . The 
austenite temperature is measured by the bend and free recovery tangent 
method. The upper plateau strength is about a minimum of 60,000 psi with 
an ultimate tensile strength of a minimum of about 155,000 psi. The 
permanent set (after applying 8% strain and unloading) , is approximately 
0.5%. The breaking elongation is a minimum of 10%. It should be 
appreciated that other compositions of Nitinol can be utilized, as can 
other self -expanding alloys. 

All of the stent diameters can be cut with the same stent pattern, and 
the stent is expanded and heat treated to be stable at the desired final 
diameter. The heat treatment also controls the transformation temperature 
of the Nitinol such that the stent is super elastic at body temperature. 
The transformation temperature is at or below body temperature so that 
the stent is superelastic at body temperature. The stent is electro 
polished to obtain a smooth finish with a thin layer of titanium oxide 
placed on the surface. The stent is usually implanted into the target 
vessel which is smaller than the stent diameter so that the stent applies 
a force to the vessel wall to keep it open. 

The stent tubing of a self expanding stent made in accordance with the 
present invention may be made of suitable biocompatible material besides 
super-elastic nickel-titanium (NiTi) alloys. In this case the stent would 
be formed full size but deformed (e.g. compressed) to a smaller diameter 
onto the balloon of the delivery catheter to facilitate intra luminal 
delivery to a desired intra, luminal site. For Nitinol, the stress 
induced by the deformation transforms the stent from an austenite phase 
to a martensite phase, and upon release of the force when the stent 
reaches the desired intra luminal location, allows the stent to expand 
due to the transformation back to the more stable austenite phase. 
Further details of how NiTi super-elastic alloys operate I 0 can be found 
in U.S. Patent Nos . 4,665,906 (Jervis) and 5,067,957 (Jervis) . 

The stent diameters are very small, so the tubing from which it is made 
must necessarily also have a small diameter. For PTCA applications, 
typically the stent has an outer diameter on the order of about 1.65 mm 
(0.065 inches) in the unexpended condition, the same outer diameter of 
the hypotubing from which it is made, and can 1 5 

beexpandedtoanouterdiameterof 5 .Ogmm(0. 2 inches) ormore . Thewall thickness of 
the tubing is about 0.076 mm (0.003 inches). For stents implanted in 
other body lumens, such as PTA applications, the dimensions of the tubing 
are correspondingly larger. This stent is also designed for carotid 
applications, so the outer diameter of the tubing would typically be 
about 0.095 inches with a wall thickness of about 0.007 inches. The 
diameters of a carotid stent would be about 5-8 mm. While it is preferred 
that the stents be made from laser cut tubing, those skilled in the art 
will realize that the stent can be laser cut from a flat sheet and then 
rolled up in a cylindrical configuration with the longitudinal edges 
welded to form a cylindrical member. 

While the invention has been illustrated and described herein in terms of 
its use as intra vascular stents, it will be apparent to those skilled in 
the art that the stents can be used in other instances in all conduits in 
the body, such as, but not limited to, the urethra and esophagus. Since 
the stent of the present invention has the novel feature of 
self -expanding to a large diameter while retaining its structural 
integrity, it is particularly well suited for implantation in almost any 
vessel where such devices are 30 used. This feature, coupled with limited 
longitudinal contraction of the stent when it is radially expanded, 
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provide a highly desirable support member for all vessels in the body. 
Other modifications and improvements may be made without departing from 
the scope of the invention. 

Claim % 

1 A longitudinally flexible stent for implanting in a body lumen and 
expandable from a contracted condition to an expanded condition, 
comprising: 

a plurality of adjacent cylindrical elements which are substantially 

independently expandable in the radial direction; 

a plurality of interconnecting members extending between the 

adjacent cylindrical elements and connecting the adjacent cylindrical 

elements to one 

another; and 

wherein at least one of said cylindrical elements has regions 
susceptible to high stresses and regions susceptible to low stresses 
during the radial 

deployment, thewidthof thestrutof thestentinthelowstressregionsbemglargerth 
an the width of the strut of the stent in the high stress regions to 
increase the radiopacity of the stent. 

2 The stent of claim 1, wherein each of said cylindrical elements has 
region susceptible to high stresses and low stresses, the width of the 
struts in the low stress regions being larger than the width of the 
struts in the high stress regions to increase the radiopacity of the 
stent . 

3 The stent of claim 1, wherein the cylindrical elements are formed in 
a generally serpentine wave pattern transverse to the longitudinal axis 
and contain alternating valley portions and, peak portions, which 
constitute the high stress regions of the stent. 

4 The stent of claim 1, wherein the stent is made from a biocompatible 
material having low radiopacity. 

5 The stent of claim 1, wherein the stent is formed from a 
biocompatible material selected from the group consisting of stainless 
steel, superelastic nickel titanium alloys, or thermal plastic polymers. 

6 The stent of claim 1, wherein the width of the strut of the 
interconnecting members is larger than the width of the strut in the high 
stress regions. 

7 The stent of claim 1, wherein the stent has cylindrical elements at 
each end which includes a plurality of W- shaped portions having strut 
widths in the low stress regions of the W-shaped portion which are larger 
than the strut width in the high stress regions of the W-shaped region to 
increase the strength and radiopacity of the ends of the stent. 

8 A longitudinally flexible stent for implanting in a body lumen and 
expandable from a contracted condition to an expanded condition, 
comprising : 

a plurality of adjacent cylindrical elements, each cylindrical element 
having a circumference extending about a longitudinal stent axis and 
being substantially independently expandable in the radial direction, 
wherein the plurality of adjacent cylindrical elements are arranged in 
alignment along the longitudinal stent axis and form a generally 
serpentine wave pattern transverse to the longitudinal axis containing 
alternating valley portions and peak portions with linking portions 
interconnecting said valley portions and peak portion; 
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1 0 a plurality of interconnecting members extending between the 
adjacent cylindrical elements to connect adjacent cylindrical elements to 
one another; 
and 

wherein at least one cylindrical element has linking portions having 
strut widths which are wider than the strut widths of the valley portions 
and peak portions of said cylindrical element. 

9 The stent of claim 8, wherein each of said cylindrical elements has 
linking portions having strut widths which are wider than the strut 
widths of the valley portions and peak portion of said cylindrical 
element. 

10 Thestentof claim8 , whereinthestentismadef romabiocompatible 
material having low radiopacity. 

1 1. The stent of claim 8, wherein the stent is formed from a 
biocompatible material selected from the group consisting of stainless 
steel, superelastic nickel titanium alloys, or thermal plastic polymers. 

12 The stent of claim 8, wherein the width of the strut of the 
interconnecting members is larger than the width of the strut in the 
valley portions and peak portions. 

13 The stent of claim 8, wherein the stent has cylindrical elements at 
each end which includes a plurality of W-shaped portions having strut 
widths in the linking portion of the W-shaped portion which are larger 
than the strut width in the remaining portion of the W-shaped portion to 
increase the strength and radiopacity of the ends of the stent. 

14 A longitudinally flexible stent for implanting in a body lumen and 
being expandable from a contracted condition to an expanded condition, 
comprising : 

a plurality of adjacent cylindrical elements, each cylindrical element 

having a circumference extending about a longitudinal stent axis and 

being substantially independently expandable in the radial direction, 

wherein the plurality of adjacent cylindrical elements are arranged in 

alignment along the longitudinal stent axis and forming a generally 

serpentine wave pattern transversed to the longitudinal axis containing 

alternating valley portions and peak portions with linking portions 

interconnecting said valley portions and peak portions; 

a plurality of interconnecting members extending between the 

adjacent cylindrical elements to connect adjacent cylindrical elements to 

one another; 

and 

wherein at least one cylindrical element has linking portions having 
strut widths which are narrower than the strut. widths of the valley 
portions and peak portions. 

15 The strut of claim 14, wherein each of said cylindrical elements has 
connecting segments having strut widths which are narrower than the strut 
widths of the valley portions and peak portions. 

16 The stent of claim 14, wherein the stent is made from a 
biocompatible material having high radiopacity. 

17 The stent of claim 14, wherein the stent is formed from a 
biocompatible material selected from the group consisting of tantalum, 
platinum or platinum/iridium alloys. 

18 A method for constructing a longitudinally flexible stent for 
implanting in a body lumen which is expandible from a contracted 
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condition to an expanded condition, the method comprising the steps of. 
providing a plurality of adjacent cylindrical elements, each 
cylindrical element having a circumference extending about a longitudinal 
stent axis, 

being substantially independently expandible in the radial direction; 
forming struts in each cylindrical element in a generally serpentine 
wave pattern transverse to the longitudinal axis and containing 
alternating valley portions and peak portion with linking portions 
interconnecting each of said alternating 
10 valley portions and peak portions; 

providing. a plurality of interconnecting members extending between 
the ad acent cylindrical elements to connect adjacent cylindrical 
elements to one 
j 

another; and 

providing struts of the linking portions which are wider than the 
struts of the alternating valley portions and peak portions. 

19 The method as defined in claim 18, wherein the stent is made from 
a biocompatible material having low radiopacity. 

20 The method for constructing a longitudinally flexible stent as defined 
in claim 18, wherein interconnecting members have a strut width which is 
wider than the strut width of the alternating valley portions and peak 
portions . 

21 A method for constructing a longitudinally flexible stent for 
implanting in a body lumen which is expandible from a contracted 
condition to an expanded condition, the method comprising the steps of 
providing a plurality of adjacent cylindrical elements, each 
cylindrical element having a circumference extending about a longitudinal 
stent axis and being substantially independently expandible in the radial 
direction; 

forming struts in each cylindrical element in a generally serpentine 
wave pattern transverse to the longitudinal axis containing alternating 
valley portions and peak portions with linking portions interconnecting 
each of said alternating valley 
I 0 portions and peak portions; 

providing a plurality of interconnecting members extending between 
the adjacent cylindrical elements to connect the adjacent cylindrical 
elements to one 
another; and 

providing struts of the linking portions which are narrower than the 
1 5 struts of the alternating valley portions and peak portions. 

22 The method for constructing a longitudinally flexible stent as defined 
in claim 21, wherein the stent is made from a biocompatible material 
having high radiopacity. 
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